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Lead  dioxide  electrodeposition  from  methanesulfonic  media  and  physicochemical  properties  of  the  result¬ 
ing  oxide  were  studied  in  this  work  to  improve  anodic  process  at  Pb02/Pb2+  electrode  of  flow  battery.  The 
presence  of  methanesulfonate  ions  in  the  electrodeposition  solution  causes  only  a  quantitative  difference 
in  the  Pb02  electrodeposition  process  without  apparently  changing  the  reaction  mechanism.  In  methane¬ 
sulfonic  media  Pb02  electrodeposition  rate  is  higher  than  in  nitrate  solutions.  Current  efficiency  of  Pb02 
formation  depends  on  electrode  potential  (or  deposition  current  density),  electrolyte  composition  (con¬ 
centration  of  Pb2+  and  methanesulfonate  ions),  hydrodynamic  conditions,  pH  and  temperature  of  the 
solution.  It  is  important  to  note  that  thick  Pb02  coatings  (up  to  2  mm)  with  good  mechanical  properties 
and  adhesion  to  the  substrate  can  be  deposited  in  a  wide  range  of  current  density  (2-100  mAcnrr2). 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Flow  battery  is  an  attractive  device  for  the  energy  storage 
thanks  to  its  high  energy  efficiency  (over  80%)  [  1  ].  Scale  application 
depends  on  the  volume  of  the  electrolyte  and  the  concentration 
of  reactants.  Recently,  Pletcher  et  al.  [2-7]  proposed  a  new  con¬ 
cept  of  flow  liquid  battery,  based  on  the  conventional  lead  acid  cell. 
In  this  system,  soluble  Pb(II)  (lead  methanesulfonate),  is  oxidized 
to  lead  dioxide  deposited  on  one  electrode  and  reduced  to  lead 
deposited  on  the  other  electrode  when  the  battery  is  charged,  and 
the  deposited  Pb02  and  Pb  turn  back  to  the  soluble  salt  when  the 
battery  is  discharged.  Only  one  reactant  (lead  methanesulfonate) 
exists  in  the  electrolyte,  thus  no  membrane  is  needed  in  this  kind 
of  flow  liquid  battery,  and  the  cell  can  be  built  in  a  much  simpler 
way  than  the  conventional  system.  Any  improvement  of  the  process 
of  Pb02  formation  necessarily  requires  a  thorough  understanding 
of  lead  dioxide  electrodeposition  from  methanesulfonate  media. 
Unfortunately,  in  most  cases,  details  on  the  effect  of  methane¬ 
sulfonate  ions  on  the  Pb(II)  electrooxidation  are  not  known  [8], 
although  there  is  a  vast  literature  on  lead  dioxide  electrodeposition 
from  perchloric  and  nitric  acid  solutions  [9-11  ]. 

According  to  [12]  the  presence  of  different  ionic  additives  in 
the  electrodeposition  solution  causes  only  a  slight  shift  in  the 
lead  dioxide  electrodeposition  rate  without  seemingly  changing 
the  deposition  mechanism,  which  was  described  by  the  following 
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scheme: 

H20-e_  OH*  +  H+ 

(1) 

Pb2+  +  OH"  Pb(OH)2+ 

(2) 

Pb(0H)2+  +  H20-e-^  Pb(OH)22+  +  H+ 

(3) 

Pb(OH)22+  ->■  Pb02  +  2H+ 

(4) 

The  first  stage  is  the  formation  of  oxygen-containing  particles 
as  OHads,  chemisorbed  on  the  electrode.  In  a  subsequent  chemical 
stage,  these  particles  interact  with  lead  species  forming  a  soluble 
intermediate  product,  Pb(OH)2+  which  is  further  oxidized  electro- 
chemically  with  transfer  of  the  second  electron  forming  a  soluble 
oxygenated  Pb(IV)  compound.  The  latter  is  decomposed  chemi¬ 
cally  to  form  hydrated  Pb(IV)  species  in  the  electrolyte  bulk  that 
subsequently  crystallize  onto  the  surface.  At  low  overpotential  the 
rate-determining  stage  is  the  second  electron  transfer  reaction  (3) 
and  at  high  overpotential  the  process  is  controlled  by  Pb2+  diffu¬ 
sion.  According  to  the  mechanism  mentioned  above  the  rate  of  lead 
dioxide  growth  depends  on  the  amount  of  the  intermediate  prod¬ 
uct  formed  during  reaction  (2)  at  the  electrode  surface.  In  this  case 
the  adsorption  of  an  ion  should  change  the  rate  of  Pb02  electrode¬ 
position  due  to  an  influence  on  the  coverage  by  oxygen-containing 
particles  [  12].  In  this  connection,  it  appears  very  interesting  to  study 
the  influence  of  methenesulfonate  ions  on  the  deposition  process. 

It  has  been  previously  reported  [  13  ]  that  variations  of  the  condi¬ 
tions  of  Pb02  electroplating  cause  changes  in  the  oxide  properties, 
such  as  the  morphology  and  crystallographic  nature,  which  result 
in  a  different  electrochemical  behaviour.  In  acidic  solutions,  elec¬ 
trodeposition  of  lead  dioxide  leads  predominantly  to  the  tetragonal 
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(3-form,  although  a  small  amount  of  the  orthorhombic  a-form  is 
also  present  depending  on  the  experimental  conditions. 

In  the  present  work  we  report  and  discuss  the  results  of  a  study 
of  lead  dioxide  electrodeposition  from  methanesulfonate  media 
and  physicochemical  properties  of  the  resulting  oxide  with  the 
aim  to  improve  anodic  process  at  Pb02/Pb2+  electrode  in  view  of 
perspective  application  in  flow  batteries. 


2.  Experimental 


Electrodeposition  of  lead  dioxide  was  studied  on  a  Pt  electrode  in 
methanesulfonic  acid  CH3S03H  (MSA)  and  lead  methanesulfonate 
Pb(CH3S03)2  solutions.  Analytical  grade  reagents  and  double  dis¬ 
tilled  water  were  used  for  all  solutions.  The  solution  temperature 
was  maintained  at  25  ±  1  °C  (in  most  cases).  All  potentials  are  given 
against  Ag|AgCl|KCl(sat )  electrode. 

The  Pt-RDE  was  prepared  by  pressing  the  metal  rods  into  Teflon 
sleeves.  The  disk  electrode  surface  area  was  0.196  cm2.  The  elec¬ 
trode  was  polished  with  magnesium  oxide  (3  p,m)  before  each 
experiment.  Then  it  was  treated  in  a  1:1  mixture  of  concentrated 
H2S04  and  H202  during  2  min.  The  electrode  potential  was  cycled 
within  the  range  0-1.60  V  at  100  mV  s-1  in  the  deposition  solution 
until  a  reproducible  background  resulted  (about  10  cycles). 

The  number  of  electrons  at  the  elementary  stage  was  calculated 
from  the  Delahay  equation  [14]: 

i  =  3.00  x  10 5n{Pnp)V2D^2CSV^2  (5) 

The  charge-transfer  coefficient  was  determined  from  the  Ep 
vs.  In  V  dependence  [14]: 


EP=E°-  RT//3npF[ 0.78  -  In  ks  +  In (D/fri pFV/RT)1  /2 ]  (6) 


where  n  is  the  effective  number  of  electrons  exchanged  in  the  reac¬ 
tion,  p  is  the  transfer  coefficient,  S  is  the  electrode  area,  V  is  the 
potential  sweep  rate,  D  is  the  diffusion  coefficient,  ks  is  the  con¬ 
stant  rate,  C  is  the  concentration  of  electroactive  substance  in  the 
solution;  all  other  terms  have  their  usual  electrochemical  signifi¬ 
cance. 

Lead  dioxide  was  deposited  at  potentiostatic  (electrodeposi¬ 
tion  kinetic  study)  and  galvanostatic  (influence  of  electrodeposition 
conditions  and  electrolyte  composition  on  current  efficiency  of 
Pb02,  physicochemical  properties  of  resulting  oxide)  conditions. 
The  current  efficiency  of  the  lead  dioxide  (CE)  and  the  Pb02  elec¬ 
trodeposition  current  (J)  was  calculated  from  equations: 


(7) 


(8) 


where  Q.  is  the  total  charge  passed  during  the  anodic  polarization, 
Qred  is  the  charge  passed  on  Pb02  reduction  at  E  =  0.8  V,  t  is  the  total 
time  of  an  anodic  polarization.  In  case  of  deposition  of  thick  Pb02 
films  at  galvanostatic  conditions  CE  calculated  from  gravimetric 
measurements. 

XRD  and  SEM  were  used  for  the  characterization  of  the  deposited 
Pb02  films. 


3.  Results  and  discussion 


Typical  cyclic  voltamograms  (CV)  for  a  Pt  electrode  in  the  nitrate 
and  methanesulfonate  solutions  are  shown  in  Fig.  la.  The  anodic 
branch  of  the  curve,  at  potentials  more  positive  than  1.4  V,  features 
an  important  current  growth  that  corresponds  to  the  simultane¬ 
ous  reactions  of  Pb(II)  oxidation  and  oxygen  evolution  [10-13].  In 
the  cathodic  branch  of  the  curve,  in  the  range  0.8-1.2V,  one  can 


Fig.  1.  (a)  Cyclic  voltammograms  at  the  Pt-electrode  in  different  solutions: 
1,  0.1  M  Pb(N03)2  +  0.1  M  HN03;  2,  0.1  M  Pb(N03)2 +0.1  M  CH3S03H;  3,  0.1  M 
Pb(CH3S03)2 +  0.1  M  CH3S03H.  y=50mVs_1.  (b)  Cyclic  voltammograms  at  the  Pt- 
electrode  in  0.1  M  Pb(CH3S03)2  +  0.1  M  CH3S03H  at  different  potential  sweep  rate 
(mVs-1):  1, 10;  2,  20;  3,  50;  4, 100;  5,  200. 


observe  a  current  peak  due  to  reduction  of  lead  dioxide.  From 
gravimetric  measurements,  we  established  that  the  area  and  the 
magnitude  (Jp)  of  the  reduction  peak  are  a  good  measure  of  the 
amount  of  lead  dioxide  deposited  on  the  electrode  surface  [10-13]. 
The  anodic  overpotential  decreases  with  increasing  concentration 
of  methanesulfonate  ions  in  the  electrolyte  and  both  the  anodic 
current  and  cathodic  peak  of  lead  dioxide  dissolution  increases 
(Fig.  1)  indicating  an  increase  in  the  Pb02  deposition  rate  The 
value  of  the  current  and  the  shape  of  CV  in  methanesulfonate  solu¬ 
tion  strongly  depend  on  potential  sweep  rate  (V)  (Fig.  lb).  At  high 
value  of  potential  sweep  rate  (100-200  mV  s-1 )  one  can  observe  an 
exponential  dependence  of  the  anodic  current  from  the  electrode 
potential  both  in  the  forward  and  in  the  reverse  scan  and  sharp 
cathodic  peak  of  Pb02  reduction.  A  decrease  of  potential  sweep 
rate  (V<  50  mV  s-1 )  leads  to  appearance  of  an  anodic  peak  and  two 
cathodic  peaks  of  Pb02  reduction  (Fig.  lb).  This  indicates  a  rather 
complex  behaviour  of  the  Pt  electrode  during  Pb02  electrodepo¬ 
sition  from  methanesulfonate  electrolyte.  Two  cathodic  peaks  can 
result  from  the  formation  of  two  allotropic  form  of  lead  dioxide  (a- 
and  (3-phases)  in  comparable  amounts  during  initial  Pb02  deposi¬ 
tion  [15,16]. 

When  the  electrode  potential  was  scanned  to  1.6  V,  the  lead 
dioxide  electrodeposition  process  occurred  in  conditions  of  practi¬ 
cally  complete  kinetic  control.  We  deem  it  necessary  to  state  that 
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the  current  efficiency  for  lead  dioxide  amounted,  in  this  case,  to 
more  than  90%.  As  the  rotation  rate  of  the  electrode  increases,  there 
occurs  a  substantial  decrease  in  the  peak  current  of  the  cathodic 
process  of  Pb02  reduction  while  the  anodic  current  in  the  expo¬ 
nential  portion  of  a  cyclic  voltammogram,  specifically,  at  1. 5-1.6  V 
[10],  remains  practically  invariant.  The  effect  we  observed  can 
be  explained  in  the  framework  of  the  mechanism  described  by 
equations  (l)-(4).  In  this  case,  probably,  mainly  an  intermediate 
product  is  removed  from  the  electrode  surface.  The  product,  which 
is  probably  similar  to  Pb( OH )2+,  takes  part  in  the  lead  dioxide  forma¬ 
tion  and  is  incapable  of  further  electrochemical  conversions.  This 
implies  that  the  stage  described  by  reaction  (3)  is  rate-determining. 
It  should  be  noted  that  in  these  particular  conditions,  with  the 
electrode  potential  scanned  in  the  region  from  0.0  to  1.6  V,  the 
Pb02  electrodeposition  process  proceeds  each  time  on  a  freshly 
formed  layer  of  oxide  phases  of  platinum.  The  point  is  that  after 
the  reduction  of  lead  dioxide  in  a  cathodic  cycle  an  ultrathin  layer 
of  low- valence  phase  oxides  of  lead  remains  on  the  electrode  sur¬ 
face.  The  presence  of  this  ultrathin  layer  drastically  diminishes 
the  overvoltage  of  the  lead  dioxide  electrodeposition  reaction  on 
this  surface  [17].  A  further  shift  of  the  electrode  potential  into 
the  cathodic  region  leads  to  the  reduction  of  the  phase  oxides  of 
platinum  with  a  simultaneous  destruction  of  the  ultrathin  layer  of 
lead  oxides.  This  circumstance  substantially  hinders  the  process, 
in  which  a  new  phase  of  lead  dioxide  begins  to  form  in  an  anodic 
cycle,  and  makes  the  stage,  which  is  described  by  reaction  (3),  the 
rate-determining  stage. 

To  understand  better  some  detail  of  Pb02  nucleation  under 
initial  electrodeposition  conditions,  we  performed  chronoamper- 
ometric  measurements  at  Pt  electrode.  Two  markedly  different 
models  for  nucleation  and  growth  processes  can  be  found  in  the 
literature  [18]:  the  rate-determining  step  is  identified  as  the  incor¬ 
poration  of  ions  into  the  growing  lattice  (kinetic  control);  the 
limiting  step  is  the  mass  transport  from  the  solution  to  the  grow¬ 
ing  nucleus  (diffusion  control).  Fig.  2  presents  a  series  of  potential 
step  experiments  obtained  for  the  Pt  electrode  in  different  poten¬ 
tials  and  solutions.  Under  our  experimental  conditions,  the  i  vs.  t 
transients  are  characterized  by  several  features.  After  the  onset  of 
the  potential  step,  a  sharp  decrease  of  the  current  density  occurs 
until  a  minimum  value  i’o  is  reached,  the  time  involved  being 
much  higher  than  expected  for  double  layer  charging;  the  current 
remains  at  i0  during  an  induction  time  t0  after  which  the  current 
rises  up  to  a  steady-state  value  (iss)  at  long  times  (kinetic  con¬ 
trol).  This  behaviour  we  observe  at  low  deposition  potential.  At 
high  deposition  potential  steady-state  current  plateau  (iss)  value 
is  observed  after  passing  through  a  maximum  (diffusion  control). 
The  values  of  t0  and  iss  depend  on  the  applied  step  potential  and 
methanesulfonate  concentration.  Increase  in  deposition  potential 
and  mathanesulfonate  concentration  lead  to  a  decrease  of  the 
induction  time  and  to  an  increase  of  the  steady-state  current.  This 
indicates  an  acceleration  of  Pb02  crystallization  in  the  presence  of 
methanesulfonate  ions. 

To  determine  the  number  of  electrons  involved  in  the  kinetic 
stage  of  the  Pb02  deposition,  voltammetry  with  linear  potential 
scan  was  used  [14].  An  increase  in  the  anodic  peak  potential  in 
the  voltammetric  curve  with  increasing  potential  scan  rate  v  points 
to  irreversible  electron  transfer  kinetics  (Fig.  3).  In  all  cases,  the 
number  of  electrons  involved  in  the  elementary  stage,  which  is  cal¬ 
culated  by  the  Delahay  equation,  is  unity.  This  indicates  that  the 
charge-transfer  proceeds  in  stages,  i.e.  two  single-electron  stages 
(1)  and  (3)  of  the  Pb02  formation  reaction  exist,  and  the  deposi¬ 
tion  regularities  in  the  methanesulfonate  solutions  is  adequately 
described  by  mechanism  ( 1  )-(4).  The  transfer  coefficient  (y0),  which 
is  determined  from  the  Ep  vs.  InV  [14],  depends  on  content  of 
methanesulfonateions  in  the  solution.  For  instance,  an  increase  in 


Fig.  2.  (a)  i-t  curves  at  the  Pt-electrode  in  different  electrolytes:  1,  0.1  M 
Pb(N03)2  +  0.1  M  HN03;  2,  0.1  M  Pb(N03)2 +  0.1  M  CH3S03H;  3,  0.1  M 
Pb(CH3S03)2 +  0.1  M  CH3S03H.  £=1.5V.  (b)  i-t  curves  at  the  Pt-electrode  in 
0.1  M  Pb(CH3S03)2  +  0.1  M  CH3S03H  at  different  electrode  potential  (V):  1,  1.50;  2, 
1.55;  3, 1.60. 


Fig.  3.  Linear  sweep  voltammograms  in  0.1  M  Pb(CH3S03)2  +  0.1  M  CH3S03H  at  dif¬ 
ferent  potential  sweep  rate  (mVs-1):  1,  5;  2, 10;  3,  20;  4,  50;  5, 100;  6,  200. 
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Fig.  4.  Steady-state  polarization  curves  of  Pt-electrode  for  partial  current 
of  Pb02  electrodeposition  in  solutions:  1,  0.1  M  HNO3  +  O.IM  Pb(N03)2;  2, 
0.1  M  CH3SO3H  +  O.IM  Pb(N03)2;  3,  0.1  M  HNO3+O.IM  Pb(CH3S03)2;  4,  0.1  M 
CH3SO3H  +  O.IM  Pb(CH3S03)2;  5,  0.1  M  CH3SO3H  +  O.IM  Pb(CH3S03 )2  +  0.2 M 
CH3S03Na;  6,  0.1  M  CH3SO3H  +  O.I  M  Pb(CH3S03)2  +  0.7M  CH3S03Na. 

concentration  from  0.1  to  0.3  M  leads  to  decrease  from  0.51  to 
0.40.  This  indicates  a  possible  adsorption  of  methanesulfonate  ions 
on  the  growing  lead  dioxide. 

Partial  steady-state  polarization  curves  (Pb02  electrodeposition 
only)  for  Pt  are  shown  in  Fig.  4.  In  the  potential  range  1.30-1.50  V, 
the  current  increases  according  to  an  exponential  law  and  the  Tafel 
plot  of  E  vs.  log(i),  obtained  from  partial  steady-state  polarization 
curve  has  a  slope  of  about  120mV/dec.  At  low  polarization,  the 
anodic  current  decreases  with  increasing  electrode  rotation  rate 
(Fig.  5a)  due  to  the  removal  of  soluble  intermediate  product  Pb(III) 
(which  forms  at  chemical  stage  (2))  from  the  reaction  zone  [10]. 
The  observed  effect  indicates  that,  in  this  case,  reaction  (3)  of  the 
second  electron  transfer  is  rate-determining. 

It  is  important  to  note  the  rather  complex  influence  of  methane¬ 
sulfonate  concentration  on  steady-state  partial  current  of  Pb02 
electrodeposition  is  observed  in  kinetic  zone  of  the  polariza¬ 
tion  curve  (Fig.  5b).  The  methanesulfonate  ions  influence  on 
the  deposition  kinetics  can  be  caused  by  both  bulk  and  surface 
effects.  The  bulk  effects  are  determined  by  the  interaction  of 
Pb2+  with  methanesulfonate  ions  in  the  bulk  electrolyte,  yielding 
complex  compounds  or  strong  ionic  associates.  As  is  shown  by 
the  potentiometric  measurements  on  the  lead  electrode,  adding 
methanesulfonate  does  not  lead  to  a  considerable  change  in 
the  potential  and,  consequently,  in  the  composition  of  potential¬ 
determining  ions. 

The  surface  nature  of  these  kinetic  effects  is  a  result  of 
methanesulfonate  ions  adsorption  on  lead  dioxide.  The  influence 
of  adsorption  on  the  electron  transfer  stage  can  be  described  by 
following  equation  [19,20]: 

t~—  =  (1  -  0)exp(-A0)exp 
lo= 0 

where  0  is  the  electrode  coverage  by  additives,  A  is  the  inhibition 
parameter,  z  is  the  charging  number  of  the  electroactive  particle,  n 
is  the  effective  number  of  electrons  exchanged  in  the  reaction,  /3  is 
the  transfer  coefficient,  A \lr'(0)  is  dependence  of  the  ^'-potential 
on  electrode  coverage  by  additives. 

According  to  equation  (9),  the  adsorption  of  substances  at  an 
electrode  profoundly  affects  the  rate  of  discharge-ionization  stage. 
This  effect  is  due  to  several  factors  that  change  the  concentra¬ 
tion  of  reacting  species  in  the  surface  layer  and  the  activation 


Fig.  5.  (a)  Effect  of  rotation  rate  of  Pt-RDE  (E  =  1.5  V)  on  current  of  Pb02  deposition 
in  0.1  M  CH3SO3H  +  O.I  M  Pb(CH3S03)2.  (b)  Effect  of  methanesulfonate  ions  concen¬ 
tration  in  the  electrolyte  on  current  of  Pb02  deposition  at  Pt-electrode  ( E  =  1.4  V). 

energy  for  the  electrode  process.  A  decrease  of  potential  %[/'  in  the 
active-complex  localization  plane  accelerates  the  charge-transfer 
stage.  This  was  observed  at  low  methanesulfonate  concentrations 
(Fig.  5b).  When  the  anion  is  adsorbed  at  the  electrode  surface,  if/'  can 
not  only  significantly  decrease,  but  even  become  negative  due  to  the 
recharge  of  the  electrical  double  layer.  The  inhibition  parameter  A  in 
(9)  reflects  both  electrostatic  and  chemical  interactions  of  the  acti¬ 
vated  complex  with  the  adsorbed  layer,  leading  to  an  increase  in  the 
activation  energy  for  the  charge-transfer  stage.  A  further  increase 
in  the  bulk  concentration  of  methanesulfonate  in  electrolyte  leads 
to  an  increase  in  the  electrode  surface  coverage  0  with  adsorbed 
anions.  This  slows  down  the  charge-transfer  stage  (Fig.  5b)  due  to 
the  blocking  of  active  centers  on  the  electrode  surface  [12,19,21,22]. 

At  higher  anodic  polarization  (Fig.  4,  E  >  1.6  V),  a  limiting  current 
of  the  lead  dioxide  deposition  is  observed  in  the  steady-state  polar¬ 
ization  curve.  The  magnitude  of  the  partial  current  in  this  region 
strongly  depends  on  the  rotation  speed  of  the  electrode;  the  depen¬ 
dence  of  the  current  on  the  square  root  of  electrode  rotation  speed 
is  linear  (Fig.  6a),  indicating  that,  in  this  potential  region,  lead  diox¬ 
ide  deposition  occurs  under  diffusion  control.  An  increase  of  the 
limiting  current  in  the  polarization  curve  with  increasing  methane¬ 
sulfonate  concentration  can  also  be  caused  by  ion  adsorption. 

As  a  result  of  ion-exchange  adsorption,  the  association  of  surface 
Pb2+  ions  with  anions  decreases  the  free  charge.  The  involvement  of 
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Fig.  6.  (a)  Effect  of  rotation  rate  of  Pt-RDE  (E  =  1.7  V)  on  current  of  Pb02  deposition 
in  0.1  M  CH3SO3H  +  O.IM  Pb(CH3S03)2.  (b)  Effect  of  methanesulfonate  ions  con¬ 
centration  in  the  electrolyte  on  limiting  current  of  Pb02  deposition  at  Pt-electrode 
(E=  1.8  V). 

lead  ions  in  the  electrochemical  reaction  brings  about  the  appear¬ 
ance  of  an  excess  negative  charge  on  the  electrode  surface.  This,  in 
turn,  accelerates  the  migration  of  positively  charged  lead  ions  to  the 
electrode.  Similar  cases  for  the  processes  proceeding  at  a  limiting 
current  were  described  in  [12,19,21-23].  Thus,  an  increase  in  the 
limiting  current  with  increasing  methanesulfonate  concentration 
is  most  probably  associated  with  an  increase  in  the  contribution  of 
the  migration  component. 

Thus  in  all  cases  the  electrodeposition  process  obeys  the  basic 
relationship  mentioned  previously  for  Pt  electrodes  in  HC104  and 
HNO3  solutions,  and  it  is  described  satisfactorily  by  the  kinetic 
scheme  given  in  (1  )-(4).  The  important  conclusion  is  that  the  pres¬ 
ence  of  methanesulfonate  ions  in  the  electrodeposition  solution 
causes  only  a  quantitative  difference  in  the  Pb02  electrodeposition 
process  without  apparently  changing  the  qualitative  relationships. 
In  methanesulfonic  media  Pb02  electrodeposition  rate  is  higher 
than  in  nitrate  solutions. 

The  polarization  curve  at  high  anodic  overpotential  features  an 
exponential  current  growth  [13]  that  corresponds  to  the  simulta¬ 
neous  reactions  of  Pb2+  oxidation  and  oxygen  evolution.  In  this 
potential  region,  oxygen  evolution  contributes  significantly  to  the 
total  current  thus  decreasing  the  current  efficiency  of  lead  dioxide 


formation  with  deposition  potential  or  current  density.  For  applica¬ 
tion  of  Pb2+/Pb02  system  as  positive  electrode  (in  charge  mode)  of 
flow  Red-Ox  battery,  the  current  density  window  where  Pb02  for¬ 
mation  takes  place  with  100%  current  efficiency  (CE)  has  to  be  as 
wide  as  possible.  In  this  connection  we  studied  effects  of  electrode 
potential  (or  deposition  current  density),  electrolyte  composition 
(concentration  of  Pb2+and  methanesulfonate  ions),  hydrodynamic 
conditions,  pH  and  temperature  of  the  solution  on  current  effi¬ 
ciency  of  Pb02  formation.  In  case  of  fresh  Pt  electrode,  not  covered 
by  Pb02  (initial  oxide  electrodeposition),  one  can  observe  a  rather 
complex  influence  of  electrodeposition  potential  on  Pb02  CE.  At 
low  overpotential  CE  increases  due  to  increasing  oxide  electrode¬ 
position  current  and  overpotential  of  oxygen  evolution  on  porous 
lead  dioxide  coating  to  reach  maximum  at  100%  surface  coverage  by 
Pb02.  At  potential  higher  than  1.55  V  oxygen  evolution  contributes 
significantly  to  the  total  current  thus,  decreasing  the  current  effi¬ 
ciency  of  lead  dioxide  formation. 

It  is  important  to  note  that  in  most  cases  an  electrode  is  already 
covered  by  thin  Pb02  film  after  5-30  s  of  electrolysis.  So  the  nature 
of  electrode  material  hardly  influences  lead  dioxide  electrode¬ 
position  at  relatively  long  electrolysis  times  [12].  At  steady-state 
conditions  we  deposit  Pb02  on  lead  dioxide  electrode.  A  typical 
dependence  of  CE  Pb02  from  current  density  is  shown  in  Fig.  7a. 
At  low  current  density  one  can  observe  a  plateau  of  100%  CE 
until  beginning  oxygen  evolution  process  when  current  efficiency 
decreases.  To  increase  the  100%  CE  window  we  need  to  accelerate 
Pb02  electrodeposition  or/and  to  inhibit  oxygen  evolution  reac¬ 
tion.  Taking  into  account  that  at  high  overpotential  lead  dioxide 
electrodeposition  is  controlled  by  diffusion  stage  we  can  increase 
deposition  rate  at  higher  Pb2+  concentration  and  temperature,  stir¬ 
ring  of  the  solution.  According  to  the  data  presented  in  Fig.  7a, 
increasing  the  concentration  of  Pb2+  from  0.1  to  1.0  M  leads  to  an 
increase  of  the  maximum  deposition  current  density  (at  100%  CE) 
from  12  to  120  mAcm-2.  It  is  important  to  note  that  concentration 
of  methanesulfonate  ions  is  hardly  influenced  to  current  efficiency 
of  lead  dioxide  probably  due  to  its  influence  both  Pb02  electrode¬ 
position  and  oxygen  evolution  rates.  In  the  case  of  a  1.0  M  solution 
of  Pb2+  the  maximum  deposition  current  density  can  be  increased 
from  120  to  140  mA  cm-2  by  solution  stirring  (Fig.  7a).  Tempera¬ 
ture  increases  CE  Pb02  too  (Fig.  7b)  due  to  acceleration  of  diffusion 
rate  of  Pb2+  ions.  For  instance,  at  temperature  range  25-80  °C  CE 
increases  from  82  to  100%  (1.0MPb2+,  300mA cm-2).  Conversely, 
an  increase  in  the  methanesulfonic  acid  concentration  acid  leads 
to  a  decrease  of  Pb02  CE  (Fig.  7c)  due  to  inhibition  of  lead  dioxide 
electrodeposition. 

It  is  important  to  note  that  at  25  °C  we  deposited  thick 
Pb02  coating  (up  to  2  mm)  in  wide  range  of  current  den¬ 
sity  (2-100 mA cm-2)  with  good  mechanical  properties  and 
adhesion  to  the  substrate  even  on  smooth  Pt  plate  (S  =  4cm2, 
electrolyte-1.0  MPb(CH3S03)2 +  0.1  M  CH3S03H). 

In  most  cases  the  Pb02  films  were  a  mixture  of  the  a-  and  13- 
phases,  the  latter  being  more  prevalent  (Fig.  8).  There  is  a  good 
agreement  with  the  data  reported  in  [  13  ]  for  nitrate  solutions.  Inter¬ 
estingly,  we  note  a  sensible  change  of  the  crystalline  orientation  for 
both  the  a-  and  |3-phase  depending  on  the  electrodeposition  con¬ 
ditions  (Fig.  8).  For  instance,  intensity  of  peaks  110  and  3  0 1  of 
|3-Pb02  decreases  with  increasing  electrodeposition  current  den¬ 
sity.  A  different  dependence  of  the  relative  peak  intensities  on  the 
electrodeposition  was  observed  in  the  kinetic  and  diffusion  con¬ 
trolled  regions,  respectively.  The  dependence  of  intensity  of  peaks 
1 1 1  of  a-Pb02  and  2  1 1  of  p-Pb02  from  the  electrodeposition  cur¬ 
rent  density  has  a  volcanic  shape.  At  the  same  time  plots  for  2  0  0, 
4 1 1  of  p-Pb02  and  2  2  2  of  a-  Pb02  pass  through  a  minimum  at 
8  mA  cm-2.  It  is  important  to  note  that  at  higher  current  density 
preferred  crystallographic  orientations  appear. 
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Fig.  7.  (a)  Effect  of  deposition  current  density  on  CE  Pb02:  %  0.1  M  CH3SO3H  +  0.1  M 
Pb(CH3S03)2;  2,  0.1  M  CH3SO3H  +  O.2M  Pb(CH3S03)2;  3,  0.1  M  CH3SO3H  +  I.OM 
Pb(CH3S03)2;  4,  0.1  M  CH3SO3H  +  I.OM  Pb(CH3S03  )2,  stirring,  (b)  Effect  of  temper¬ 
ature  on  CE  Pb02  at  different  current  density  (mAcirr2):  1,  180;  2,  300;  3,  650. 
Electrolyte— 0.1  M  CH3SO3H  +  1.0M  Pb(CH3S03)2.  (c)  Effect  of  MSA  concentration  on 
CE  Pb02  at  different  current  density  (mA  cm-2 ):  1, 40;  2,  60;  3, 100.  Electrolyte— x  M 
CH3  S03  H  +  1.0  M  Pb(  CH3  S03  )2 . 


0  20  40  60  80  100 
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Fig.  8.  X-ray  diffractograms  of  Pb02  films  deposited  in  0.1  M  CH3SO3H  +  O.IM 
Pb(CH3S03)2  at  different  current  density  (mAcirr2):  1, 4;  2,  8;  3, 12. 

The  data  of  the  present  work  concerning  the  a-phase  impurities 
in  the  deposits  (Fig.  8)  are  in  good  agreement  with  those  of  Camp¬ 
bell  and  Peter  [24]  who  reported  that  the  preferred  orientation  of 
the  a-phase  planes  strongly  depends  on  the  electrodeposition  cur¬ 
rent  density.  Specifically,  at  low  current  densities,  a-Pb02  deposits 
were  highly  oriented,  and  an  increase  of  the  current  density  led  to 
randomly  oriented  films. 

An  examination  of  the  XRD  spectra  shows  that  peak  intensi¬ 
ties  generally  decrease  in  comparison  with  nitrate  solution.  This 
indicates  that  the  grain  size  is  smaller  for  the  lead  dioxide  films 
formed  in  the  presence  of  methanesulfonate  ions  probably  due  its 
adsorption  on  lead  dioxide.  However,  a  difference  in  intensity  does 
not  provide  sufficient  evidence  of  the  existence  of  an  amorphous 
phase.  It  is  noteworthy  that  the  same  effect  can  result  if  water  is 
trapped  in  a  porous  lead  dioxide  structure  [25]. 

The  SEM  micrographs  show  that  morphology  of  Pb02  strongly 
depends  on  electrodeposition  conditions  and  electrolyte  compo¬ 
sition.  Mainly  it  is  more  regular,  with  better-oriented  crystals  of 
smaller  size  in  comparison  with  Pb02  deposited  from  nitrate  solu¬ 
tions.  It  is  important  to  note  that  in  the  presence  of  MS  ions  in 
the  electrolyte,  submicro-  and  nano-crystalline  coatings  are  formed 
(Fig.  9).  So  difference  in  intensity  provides  sufficient  evidence  of  the 
existence  of  low  crystalline  phase  and  it  is  in  good  agreement  with 
SEM  data. 
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Fig.  9.  SEM  micrographs  of  Pb02  deposited  at  different  conditions:  1,  0.1  MPb(CH3S03)2  +  0.1  M  CH3SO3H,  idep.  =  5 mA cm-2 ;  2,  0.1  M  Pb(CH3S03)2 +  0.1  M  CH3SO3H, 
idep.  =  12  mAcirr2;  3,  0.1  M  Pb(CH3S03)2  + 1.0  M  CH3S03H,  idep.  =  5  mA  cirr2 ;  4,  0.1  M  Pb(CH3S03)2  +  0.1  M  CH3S03H,  idep.  =  5  mA  cm"2 ,  60  °C. 


We  next  report  on  the  electrocatalytic  activity  of  oxygen  evo¬ 
lution  reaction  at  Pb02  electrodes  deposited  from  nitrate  and 
methanesulfonate  electrolytes.  It  was  shown  that  electrodes  pre¬ 
pared  in  nitrate  electrolyte  and  used  in  HC104  are  more  active  than 
electrodes  in  methanesulfonic  acid  medium  (this  means  both  elec¬ 
trodes  prepared  from  the  MS  solution  and  electrodes  prepared  in 
nitrate  media  and  used  in  methanesulfonic  acid).  Our  view  on  a 
possible  mechanism  is  that  the  model  of  02  evolution  on  Pb/Pb02 
electrodes  proposed  by  Pavlov  and  co-workers  [26-28]  can  provide 
a  reasonable  explanation  for  the  present  data.  According  to  that 
mechanism,  02  evolution  occurs  at  active  sites  located  in  a  hydrous 
layer  on  Pb02  whose  structure  and  characteristics  have  been  exam¬ 
ined  in  detail  in  a  series  of  papers  by  Pavlov  and  co-workers  [29-31  ]. 
According  to  their  description,  the  surface  consists  of  crystal  line 
(Pb02)  or  hydrated  [PbO(OH)2  ]  zones  which  are  in  equilibrium,  and 
the  latter  is  a  rather  open  structure  which  can  exchange  cations  and 
anions.  Oxygen  evolution  proceeds  through  the  following  elemen¬ 
tary  steps: 

PbO  *  (OH)2  +  H20  ->  PbO  *  (OH)2  -  •  -(OH* )  +  H+  +  e"  (10) 

PbO  *  (OH)2-  •  (OH*)  -*  PbO*(OH)2  +  0  +  H+  +  e“  (11) 

20  02  (12) 

It  is  important  to  point  out  that,  from  preliminary  data, 
there  is  evident  flaking  and  shedding  during  02  evolution  [32] 
in  the  case  of  electrodes  prepared  in  nitrate  media/perchloric 


acid.  Electrodes  prepared  from  mathansulfonic  medium  or  elec¬ 
trodes  used  in  methanesulfonic  acid  are  sensibly  more  resistant. 
Accelerated  test  of  Pb02  electrodes  (Ti/Pt/Pb02;  1M  sulphuric 
acid;  i  =  200mA cm-2;  20 °C)  shows  that  service  life  of  anodes 
deposited  from  methanesulfonate  electrolytes  in  three  times 
higher  than  ones  from  nitrate  solutions.  It  indicates  better 
mechanical  properties  of  lead  dioxide  formed  in  methanesulfonate 
media. 

4.  Conclusions 

In  all  cases  the  Pb02  electrodeposition  process  obeys  the  basic 
relationship  mentioned  previously  for  Pt  electrodes  in  HCIO4  and 
HNO3  solutions,  and  is  described  satisfactorily  by  the  kinetic 
scheme  given  in  (1  )-(4).  The  important  conclusion  is  that  the  com¬ 
position  of  the  electrodeposition  solution  causes  only  a  quantitative 
difference  in  the  Pb02  electrodeposition  process  without  appar¬ 
ently  changing  the  qualitative  relationships. 

Results  show  that  in  methanesulfonic  media  the  rate  of  Pb02 
electrodeposition  is  higher  than  in  nitrate  solutions.  At  low  over¬ 
potential  the  rate-determining  stage  is  the  second  electron  transfer 
reaction  (3)  and  at  high  overpotential  the  process  is  controlled  by 
Pb2+  diffusion.  It  is  important  to  note  the  rather  complex  influence 
of  methanesulfonate  concentration  on  steady-state  partial  current 
of  Pb02  electrodeposition,  both  in  the  kinetic  and  the  diffusion 
zones  of  the  polarization  curve  due  to  change  of  \j/'  potential  and 
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migration.  All  effects  are  a  result  of  adsorption  of  methanesulfonate 
ions  on  Pb02. 

The  current  efficiency  of  Pb02  formation  depends  from 
electrode  potential  (or  deposition  current  density),  electrolyte 
composition  (concentration  of  Pb2+and  MS  ions),  hydrodynamic 
conditions,  pH  and  temperature  of  the  solution.  It  is  important  to 
note  that  thick  Pb02  coatings  (up  to  2  mm)  with  good  mechanical 
properties  and  adhesion  to  the  substrate  were  deposited  in  wide 
range  of  current  density  (2-100  mA  cm-2). 

According  to  XRD  and  SEM  data  crystallinity  of  the  Pb02  mate¬ 
rials  deposited  from  methanesulfonate  electrolytes  decreases  in 
comparison  with  nitrate  medium  probably  due  to  adsorption  of 
methanesulfonate  on  the  electrode  surface.  Difference  in  inten¬ 
sity  provides  sufficient  evidence  of  the  existence  of  low  crystalline 
phase  and  it  is  in  good  agreement  with  SEM  data.  Morphology  of 
Pb02  strongly  depends  on  electrodeposition  conditions  and  elec¬ 
trolyte  composition.  Mainly  it  is  more  regular,  with  better-oriented 
crystals  of  smaller  size  in  comparison  with  Pb02  deposited  from 
nitrate  solutions.  It  is  important  to  note  that  in  the  presence  of  MS 
ions  in  the  electrolyte,  submicro-  and  nano-crystalline  coatings  are 
formed. 
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